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ABSTRACT

In planta analysis of protein function in a crop plant could lead 1o improvements in understanding
protein structure/function relatonships as well as selective agronomic or end product quality
improvements. The requirements for successful in planta analysis are a high mutation rate, an efficient
screening method, and a trait with high herimbility. Two ideal targets for functional analysis are the
Purpindoline a and Puroindoline b {(Pina and Pind, respectively) genes, which together compose the
wheat (Triticum aestivion L) He locus that controls grain texture and many wheat end-use propertics.
Puroindolines (PINs) together impart soft texwre, and mutations in cither PIN result in hard seed
texture, Studics of the PINs” mode of action are limited by low allelic variation. To create new Pin alieles
and identify critical function<ictermining regions, Pin point mutations were created in planfa via EMS
treatment of a soft wheat. Grain hardness of 46 unique PIN missense alleles was then measured using
segregating Fu:Fs populations. The impaet-of individual missense alleles upon PIN function, as measured

by grain hardness, ranged {rom neutral (74%) to interediate to tunction abolishing. The percentage of

{function-abolishing mutations among mutations occurring in both PINA and PINB was higher for PINB,
indicating that PINB is more critical 1o overall Ha function. This is contrary to expectations in that PINB is
not as well conserved as PINA. All function-abolishing mutations resulted from structure-disrupting
mutations or from missense mutations occurring near the Tryptophan-rich region. This sy
demonstrates the feasibility of i plenta functional analysis of wheat proteins and that the Tryptophan-

rich region is the most important region of both PINA and PINB.

ATURAL selection has captured a relatively small
subset of potentally useful protein sequences.
Unraveling the critical features of proteins via un-
derstanding the process of their evolution is a powerful
approach for proteins present in many diverse species
(BaSHFORD ef al. 1987, Hampsey #f al. 1988). However,
this approach is not feasible for the wheat puroindo-
lines (PINs) that are present only in hexaploid wheat
and related species (Massa and Morwris 2006). The
PINs are unique in structure in having a tryptophan-
rich domain and are members of the protease in-
hibitor/seed storage/lipid wansfer protein tamily
(PF00254) (FINN ¢ ol 2008).

The tryptophan-rich domain has been hypothesized
to control PIN function {Giroux and Morris 1997}, but
there is no unbiased direct evidence for this since
previous studies have focused on the tryptophan box
alone (Evrarp et al 2008). A nonbiased approach would
consist of random mutagenesis followed by functional
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analysis (BowiE ef ¢l 1990). This approach has been
used extensively for proteins that can be expressed
in wvitro using either random (Taruwn et al 1998; Guo
el al. 2004; Smirh and Raines 2006; CGrorcrLs et al
2007) or site-directed mutations {(MiyamaRra et ol 2008;
OsManI ¢ al. 2008). However, functional analysis of
many plant proteins in vitro may not be comparable to
in planta analysis. In the case of puroindolincs, there is
no i vitro assay that properly mimics the synergistic
binding of PINA and PINB 1o starch granules or is as easy
to measure as grain hardness. Therefore, creation and
analysis of a large number of new alleles in wheat
in plantais an ideal approach to dissect PIN function.
The absence of high-throughput transformation
and/or functional screening methods in most crop
plants is the largest obstacle in the way of in planta
protein functional analysis, However, high-throughput
in wvitro random or targeted mutagenesis followed
by functional analysis has been demonstrated in Arabi-
dopsis thaliana (DUNNING et al 2007) and Nicotiana
benthamiana (BOTER ef ol 2007). Traditional in planta
mutagenesis followed by analysis of loss-of-funciion
mutatons has been used 1o clone unknown gencs
(X10NG ef al. 2001) or io define function for candidate
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genes (HARALAMPIDIS ¢f al. 2001; Q1 ef al. 2006). A high-
throughput in plania functional approach for PINA and
PINB seems attractive for three reasons. First, the EMS
mutation rate in wheat is higher than in any other plant
(SLADE et al 2005; Ferz et al 2009a). Sccond, PINs
control the vast majority of variation in grain hardness
(CaMPBELL ¢f al. 1999). Finally, a small-scale preliminary
study indicated the feasibility of this approach (FE1z
et al, 2009a).

PINA and PINB are cysteine-rich proteins unique in
having a tryptophan-rich domain (BLOCHET et al. 1993)
and together compose the wheat Hardness (fa) locus
(Giroux and Morris 1998; Wanjuct et al 2007a). Hais
located on chromosome 5DS and is the major de-
terminant of wheat endosperm texture (MATTERN
et al. 1973 Law &t al. 1978; CaAMPBELL «f ol 1999). Soft
texture {Ha) results when both Pin genes are wild tvpe
(Pina-Dia, Pink-D1a) while hard texture (ka) results
from mutations in either Pin (Giroux and Morris 1997,
1998). Transgenic studies in rice (KRISHNAMURTHY and
Giroux 2001), wheat (BeicHER ef al 2002; MARTIN
et al. 2006), and corm (ZHanG e al 2009) have
demonstrated that Pin mutations are causative to
hard grain texture. PINA and PINB are not function-
ally interchangeable and control grain hardness via
cooperative binding to starch granules (Hocc ef al.
2004; Swan ef al. 2006; WANJUGH et al 2007a; Friz et al
2009b). PIN binding to starch granules is mediated by
polar lipids (GREENBLATT et al. 1995) and PIN abun-
dance is correlated with seed polar lipid content (Ferz
el al. 2009h), Vanadon in PIN function affects grain
hardness along with nearly all end product quality traits
(HocG et al. 2005; MarTIN el al 2007, 2008, Wanjuc
el al 2007b; Friz et al 2008). Determining PINs
function-determining regions could lead to greater
knowledge of their mode of action and to wheat quality
improvements. Current PIN functional analyses have
been limited to in vitro tests of binding to each other
(ZIEMANN of al 2008) or to yeast membranes (EVRARD
et al. 2008).

Here, we report the creation and functional analysis
in planta of new alleles of PINA and PINB. This is the
first successful in planta functional analysis of a crop
plant protein.

MATERIALS AND METHODS

Creation and screening of an EMS-induced population: A
wheat EMSinduced M, population was created using a pro-
tocol similar to that of SLADE ef al (2005) with some modifica-
tions (Friz ¢f al 2009a). Approximately 10,000 M, seeds of the
soft white spring cultivar Alpowa (PI 566596) were EMS
mutagenized and grown as previously described (Friz et al
2009a) and a single head was harvested from the 3000 fertile M,
plants. The first group of 1000 M,:My hcads was planted in May
2006 and seed was recovered from the G30 fertile My rows
(Fe1Z et al 2009a). The remaining 2000 M;:Ms head rows were
planted in May 2007 at the Arthur H. Post Ficld Research farm

near Bozeman, Montana with within-row plantspacing of 15 cm
with 30 cm berween rows and sced was harvested from the 1700
fertile Mg rows. Leal tissue for DNA preparations was collected
and pooled at the two- to three-leal stage from at least 4 plants
per row. The PCR amplification conditions, product purifica-
tion, and direct sequencing protocol of FEiz et el (2009a) were
used in this study. The GAP4 and Pregap4 programs from
Staden Package v1.6.0, 2004 (hup:/staden.sourceforge.net/
staden_home.hunl) were used o analyze sequences. Sorting
intolerant from 1olerant (SIFT) (NG and HemMixorr 2003) was
used to predict the tentadve impact of mutations on protein
function.

Creation of F, populations: Four Mg seeds from each Pin
mutation line were planted in the greenhouse and used for
direct sequencing of Pina and Pinb. Pin mutation-carrying
plants were used as a pollen source in crosses to nonmuta-
genized Alpowa. One hundred Fy.Fp seeds from euch cross
along with Alpowa parental seeds were planted in May 2008 at
the Arthur H. Post Field Research farm ncar Bozeman,
Montana with within-row plant spacing of 15 cm with 30 cm
between rows. Leaves were collected from 48 individual Fa
plants from cach cross at the two- to three-leaf stage for
genolyping.

Genotyping and phenotyping of F; populations: The
primer pairs and PCR conditions of FE1z ¢ ol {200894) were
used to genotype Fy plants growing in the field. Genotyping
was completed via differential restriction digestion of Pineand
Pinb mutant alleles {supporting information, Table 51) or via
direct sequencing. Fg:Fy seeds were harvesied from single Fg
plants homozygous for the presence (denoted as Dix in
RESULTS) or absence {denoted as DIa) of a Pin mutation,
Two coniposites of 150 Fo:F3 seeds were prepared from each of
the two homozygous Pinallcle groups for each cross with each
composite composed of 30 seeds from five random Fe plants
from the planis grown in the ficld in 2008. Grain hardnessand
kernel weight were determined mwice from samples of 50 seeds
for each composite as well as Alpowa nonmutant seeds, using a
single-kernel characterizaton system (SKCS) (Perten Instru-
ments, Springfield, IL). The same planting, seed bulking, and
SKCS analysis process was performed on FuFy seeds derived
from the four Fg:F3 mutant populations analyzed by Feiz et al
{2009a). The grain hardness and kernel weight mcans were
used for analysis.

Analysis of variance was computed for grain hardness and
kernel weight by including sced composite and genotype class
combinations in the model using PROC GLM in SAS (SAS
InsTrTure 2004). The error represented genotype class
combination by composite interaction. The impact of new
alleles on grain characteristics was assessed by comparing the
diffcrence between mutant and wild-type class means for each
population.

Expected EMS-induced mutation ratio calculations: Ob-
served mutaton class ratios are presented as a simple pro-
portion of total mutations. Expected mutation ratios werc
derived by calculating the proportion of all possible EMS-
induced transition muiations within each codon and the
subsequent possible amino acid changes.

RESULTS

Creation of novel Purvindoline alleles and segregat-
ing Fs populations: To conduct in fplanta funclional
analysis of the Puroindolines we developed an EMS-
mutagenized population using the soft white spring
wheat Alpowa. Seventy-one Ping alleles were identi-
fied, of which there were 37 missense, 11 nonsense,
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TABLE 1

Pin mutation frequency and densily in Alpowa EMS-induced population

Pina Pind Both fins
Mutation frequency via direc
phenotyping and sequencing”

Missense 37 31 68

Nonsense i1 12 23

Silent 23 34 LYi

Total 71 77 148
Mutation frequency via sequencing®

Missense 33 27 60

Nonsensc 6 9 15

Silent 23 32 55

Totul 62 68 130

Mutation density 1/12 kb 1/11 kb 1/11.5 kb
Obscrved mutation class ratios

Missense 0.53 0.4 0.46

Nonsense 0.1 0.13 0.12

Silent 0.37 0.47 ' 0.42
Expected mutation class ratios”

Missense (.66 (.55 0.56

Nonsense 0.1 0.11 0.1

Silent 0.34 (.34 0.34
Chisquare Pvalue " 0.52 <0.01 <0.01

“Total cumulative mutation frequency found via phenotyping of 630 and direct sequencing of 1700 Mg

Alpowa lines.

"The frequency of mutations found by direct sequencing of 1700 My Alpowa lines.
“The muation density was calculated using the frequency of mutations found via direct sequencing of 1700

M, Alpowa lines.

*Expected ratio of three types of mutations from total was calculated using all potential nucleotide substi-
tutions expected from EMS-induced transition mutations (G o A or Cto T).
* Pvalues are from chi-square tests that were uscd to compare the number of observed and expected mutation

types.

and 23 silent mutauons (Table 1). Of the 77 alleles of
Find, we identified 31 missense, 12 nonsense, and 34
silent mutations. Ping and FPind mutation density was
calculated from the frequency of mutations identified
via direct sequencing. We arrived at a mutation
density of 1/11.5 kb and the frequencies of each
mutation type were in close agreement with their
predicted trequencies for Pina. But more silent and
fewer imissense mutations were observed than ex-
pected for Pind.

To test the effects of each unique missense Pin
allele upon grain hardness, segregating F, popula-
tons were developed by crossing 26 Pina and 21 Pinb
missense-carrying My plants back to nonimutagenized
Alpowa, Two identical Pinb, one silent Pina, two
nonsense Ping, and two nonsense Pind mulations
were also crossed back 1o Alpowa as controls. Forty-
six or 48 Fy plants per population were genotyped via
restriction digestion of PCR-amplified Pina or Pink or
by direct sequencing, respectively. Ninety-four per-
cent of the Fg populations showed 1:2:1 segregation
ratios (Table S1). Three populations deviated from
expectations in that the PINAV24] and PINBP41S

populations contained more wild-type Pin allele
plants and the PINBT67I population contained more
mutant. plants than expected.

Mutations in the Puroindoline proteins cause
changes in protein functionality as measured by grain
texture: For cach Pinmissense allcle tested, comparison
groups consisted of FaFy lines homozygous positive or
ncgative for the induced mutation. The net intrapopu-
lation grain hardness difference between homozygote
Fin mutant and wild-type groups was compared {Table
$2 and Figure 1). Two nonsense and onc silent mutation
for each PIN were used as controls. The high coefficient
of determination {A? = 0.94) demonstrated that the
mutations control nearly all observed hardness varia-
tion. The two PINA nonsense mutations (W715top and
(2935top) averaged a 37.8 grain hardness unit increase
while the PINB nonsense mutations (Q20Stop and
WI1165top) averaged a 31.8 hardness unit increase.
The silent mutation in PINA (K60K) did not signifi-
cantly change grain hardness nor were there significant
differences between the duplicate PINB mutations. The
vast majority of PINA and PINB mutations werce less
severe than the nonsense mutations in terms of in-
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FIGURE 1.—The grain hardness difference between Fo-
derived Pin homozygous mutant (DIx) and wild-type (Dla)
groups.

creasing grain hardness. No mutations that affected
grain hardness also affected seed weight.

Direct measurement of missense mutation impacts
vs. prediction by SIFT: The SIFT program uses se-
quence homology in a protein family to predict the
impact of missense mutations on protein function. SIFT
predicted that52% (13/25) of PINA and 52.4% (11/21)
of PINB missense mutations would severely affect pro-
tein function (Table S1). The grain hardness differ-
ences between mutant and wild-type groups of 46
analyzed PIN mutant populations were plotted against
their SIFT scores (Figure 2). Although SIFT was capable
of predicting most severe mutations, it failed to correctly
predict more than half of the missense mutations that
did not affect grain hardness. This may indicate that
some of the observed sequence conservation has no
direct role in controlling grain texture. Further analysis
focused on defining functional regions of PINA and
PINB where missense mutations increased grain
hardness.
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Ficure 2—The grain hardness difference between Pin ho-
mozygous mutant (DIx) and wild-type (DIa) groups vs. their
individual SIFT scores. SIFT scores <0.05 are predicted to be
deleterious (NG and HENIKOFF 2003).
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FiGURE 3.—The mean grain hardness difference between
lines homozygous positive or negative for individual PIN mu-
tations relative to their location. Asterisks indicate where the
hardness difference between an individual Pin mutant and its
wild-type group was significant. The open boxed area denotes
the signal peptide region while the shaded/solid boxed re-
gion denotes mature peptide sequence with the solid boxed
region indicating the tryptophan-rich loop region. The posi-
tions of cysteines are denoted by C’s. The position of the am-
plification primers is as shown.

Functional analysis of new Puroindoline alleles
demonstrates the importance of the tryptophan-rich
region: The tryptophan-rich domain of PINs is pre-
dicted to be in a coiled loop that joins the first two
a-helices of PINs (BiHAN ef al. 1996). All severe (>20
hardness unit increase) PINA mutations were either in
or in the vicinity of the Trp-rich loop (Figure 3). The
only PINA severe mutation that occurred far from
the Trp loop was a Cys-Tyr substitution (C132Y) while
all severe PINB mutations were localized in the Trp-
rich loop (Figure 3). One PINB mutation that reduced
grain hardness (P41S) and two intermediate function
mutations (G111D, R126K) were localized outside of
the Trp-rich loop.

Functionally important residues are conserved be-
tween PINA and PINB: PINA and PINB primary
protein sequences from seven diploid wheat relatives
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TABLE 2

Plant material used to find the evolutionary conserved amino acids in PIN proteins

GenBank accession no.

Taxon” Genome Source’ Pina Pinb
Triticum aestivum cultivar “Chinese Spring” D Cltr 14108 X69913 X69912

T. monococcum L. subsp. aegilopoides (Link) Thell. A" TA183 DQ269819 DQ269852
Aegilops tauschii Coss. D TA1583 AY252029 AY251981
Ae. speltoides Tausch var. speltoides N TA1793 DQ269829 DQ269862
Ae. comosa Sm. in Sibth. and Sm.var. subventricosa Boiss. M TA2737 DQ269846 DQ269882
Ae. umbellulata Zhuk. U TA1830 DQ269847 DQ269883
Ae. markgrafii. Cc TA1906 DQ269848 DQ269884
Ae. uniaristata Vis. N TA2688 DQ269849 DQ269885

“Taxa are listed by genome being represented and source.

” Accession identifiers: Cltr, National Small Grains Collection, Aberdeen, ID; TA, Wheat Genetics Resource Center, Kansas State
University; X, AY, and DQ, National Center for Biotechnology Information GenBank database.

were aligned (Table 2, Figure 4). Aligned separately, the
PINA and PINB sequences showed a great degree of
sequence conservation, with PINA being more highly
conserved overall across species than PINB (data not
shown). However, when aligned together, three main
features are well conserved among all PINs (Figure 4).
The first is the conservation of cysteines. These are
presumably involved in intramolecular disulfide bridges.
Second, the N-terminal region corresponding to the
processing peptide is well conserved. The third well-
conserved region is that surrounding the tryptophan-
rich loop. Every one of the nine observed severe

TABLE 3

The effect of missense mutations occurring in both PINA and
PINB on grain hardness

Hardness Hardness
change change
Region Allele (DIx-Dl1a)* PINBx-PINAx’
Signal peptide  PINA V241 0.52 —3.24
X PINB V241 —-2.72
PINA G26D —3.00 2:21
PINB G26D —0.79
Trp domain PINA D6IN 5.46 18.48%*
PINB D63N 23.94
PINA T651 0.61 28.56%
PINB T671 29.17
PINA E78K 1.9 45.2%
PINB E80K 47.10

*Denotes significance in comparisons of the grain hardness
change between the identical mutation in PINA and PINB at
P < 0.05.

“Difference in grain hardness in comparisons of two inde-
pendently derived seed composites, where each seed compos-
ite was homozygous positive (D1x) or negative (DIa) for a Pin
mutation.

" Difference in impact of individual identical mutations be-
tween PINA and PINB upon grain hardness.

mutations occurred in amino acid residues that were
absolutely conserved between' PINA and PINB from all
eight Triticeae species. Each of these severe mutations
was either in cysteines or occurred in close proximity to
the Trp-rich loop.

Functional classes of PINA and PINB mutants:
The majority of mutations had a minimal effect (£5
units) on PIN function as measured by grain hardness
(Figure 5). Of the 12 mutations that had a large effect
(>20 units) on hardness, 4 were nonsense mutations.
All nonsense mutations increased hardness >30 units,
showing that both PINs are required for full grain
softness. The 8 remaining severe missense mutations
were relatively equally distributed among PINA and
PINB. Five identical missense mutations occurred in
both PINA and PINB, with 2 occurring in the signal
peptide and 3 in the Trp-rich region (Table 3). The two
identical missense alleles found in the signal peptide
did not alter grain hardness when occurring in either
PIN. However, all three identical missense alleles within
the Trp-rich domain of PINB increased grain hardness
dramatically (18.5-45.2 units) while the function of
PINA was unaffected.

DISCUSSION

PINs are unique among plant proteins in having a
tryptophan-rich hydrophobic domain. While they con-
trol grain hardness variation (Giroux and MORRIS
1998), which affects many wheat end-product quality
traits (CAMPBELL et al. 1999), their likely in vivo func-
tion relates to their antifungal properties. PINA
and PINB are effective in vitro (DUBREIL et al. 1998;
CAPPARELLI et al. 2005) and in vivo (KRISHNAMURTHY
et al. 2001) antimicrobial agents against bacterial and
fungal pathogens.

To improve understanding of PIN function, we
created an in planta source of EMS-induced Pina
and Pinb mutations. Our observed mutation rate was 1
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1 47,49
PINA (T. aestivum) WALFLIGDLALVHS?AFiQYS VVESY —-VAGGGGAWPVET KLN‘“
(T. monococcum) EﬂfALFLIGLLALWlS}TAF“AQYSEIl}lGSY D—-VAGGG\;AQQCPLET—KE'L‘NS
{A. tauschii) MEALFLIGILALVASTAFAQYSEVVGSY D——VAGGG“AbQCP\TET KLNS
{A. speltoides) bﬂéALFLIAdmvnémmgrsEWssy D-—VAGGG"‘PQQCPL‘ET K;L.Ns
{&. comosa) mALFLIGIJvaa TAFAQYSEVVGSY D——AAGGG’“AbQCPVhT KLNS
(A. umbellulata) MRALFLIGIIAZVASTAFRQYSEVVESY D—-VAGGGGAQQCPIET -KENg
{A. markgrafii) MALFMGLmLVA#AF‘AQrSEWGsr D——VAGGGGAQQCE’VET KLHS
{A. uniaristata) maz.rummmqmﬁngrszvdssy D-—AAGGGGAPQCPLET KLDrS
(T. aestivum) mﬁLFLLALmvnsrn‘AQrszvdswm -E.VGGGGGSQQC?QERPKLSS
PINB (T, monococcum) FLLALmvnsrrFAQrssvdewm -EVGA GSQQCPLERPKLSS
{A. tauschii) m FLLALLALVASTTF‘AQYSEVGGWYN -EVGGGGGSQQCPQERPKLSF
{A. speltcides) MRSLFLLGILALVASTTFAQYSEVGEWYN -EVGGGG- SQQCPQERPKLGS
{A. comosa) m&z’.LFLLALLALVAdrrPAQYSEVGGwm NEVGAbGGSQQCPLERPKLSS
(A. umbellvlats) MRILFLLPLLAL TAFAQYSEIVGGWYN —EVGAGGGSQQCPLERPKHSS
(A, markgrafii) pﬂgﬂLFLLAmeﬁrrmoyszvcswm —EVGAGGGSQQCQLERLKLSS
(A. uniaristata) MRTLFLLALTALVAGTTEAQYSEVGEWYN ~EVCAGGGSQQCPHERPNLSS
{18' 50 * * % *k * * * 9"! 90
PINA (7. aestivum) 'ﬁRNTLLD € sTHKDF VT WRIWWKRWEGGED - ELLGECC SRICOMPPOCRCN
(T. monococcum) ‘RNMLLDF\CSTMKDFFVTWRWWKWWKGGGL ELLGECCSQEL:ﬂ . chnqn
(4. tauschii) CRUYLLDRCSTMXDFEVIHRHHKWWREGC) - -ELLGECCSRLS boc cu
{A. speltoides)  CRN ‘LLDPﬁCSTM-mFFVTWRWWRWWKGGGL -FLLcECGsRLG0LPROC
{A. comosa) CRNYLLDRCSTMKDFPVTHRAHKWWEGGCO - ELLGE‘.CCSRL"‘I LPi:QCRCN
(A. umbellulata) ‘RN&LLDRCS'IMKDFPVTWRWWKWWKGGCL -ELLGECCSQLGOMPPOCREN
(A. markgrafii) : NYLLDRCSTMKDFFVTWRWWKWW‘KGGCO -ELLGECGSRLCOMPFOCRCH
(A. uniaristata) CR 1,1 PRCSTMKDF PYTHRWHKHWKGECL-ELLGECCSRLGOLPPOCRCN
PINB (T. aestivum} 'K DYVMERC STMKDFEVTWE - TmmGGcEHEVREKCCKQi.sbI QCRCD
(T. monococcum) CKDEHVMERC FPVIWD- TKWWKGGCEHEVRE!KCCQQ&'S QCRED
(A. tauschii) KD'YVMERIC DFPVTWP- Tﬁwwxc.-ccnunvnaxccxoisblAchnc’D
{A. speltoides) KDEHVLEQC DFEVTHE- —TRHWEGGCEHEVREKCCKOL SO ARQCRCD
(A. comosa) FKDLWMERF FPVTWP TRWWKGGC:.HEVREKCCKQ&;SQIA?PQCRC‘:D
(A. umbellulata) EKYYVMERCLTMKDFPVTHE- TRWWEGGCEHEVREKCCOQ sbI RCD
{A. markgrafii) CKDWMERCE}IMKDFWTWP TKWWKGGCEHEVREKCCKQ'LSQIAPQCRCD
(A. uniaristatea) CKDWMERCEEKDFPVTWP TRMGGCEHEVREKCCQQiSQIAbQCRCN
98,100 - *
PINA (T. aestivum) i IQGSIOGDLGGI FGFQRDRASRVIQFKKNFPRCNQEP PIENIPGT IGY¥W
{T. monococcum) IIQGSIOGDLGGIFGFQRDRASkVIQ“ pprnodPPcNIPGTIGm
{4. tauschii) 110GSIQGDLEG]T FGFORDRASKY IOEA plpchoEPp:cNIPGﬂnyw
(. speltoides) IIQGSIQGDLGGIFGFQRDRAS IQE,hKN}.nPIPRCNQFPPCDIRSTSGH
(A. comosa) II0GSIQGDLEGI FGFQRDRAskverKNLquFNQGPppNIPGTIG&YW
{A. umbelinlata) IIQGSIQGDLGGIE‘GFQRDRASKVIQEAKNLPPKCNQGPPCNIPGTIGYYW
{A. markgrafii) IIQGSIQGDLGGI"-‘GFQRDRASKViPEAKNLPPF%NC%GPPCNIPGTIGEXYW
{A. uniaristata) IIQG":‘IQGDLGSIE‘GFQRDRASKVIQE&KNLPP PECDIRSTSG
PINB (T. aestivum) SIRRVIQG GFLGIkaEVEKQLpRAQSLPSKpNMGA KFP--SGYYR
{T. monococcum) sIRGMIQGK‘LGGFF'GIthDAEKQIQRAQSLPSKCNMbADEKLP——SGYYW
{A. tauschii) SIRRVIQGRhcaFLwahGEv LQRAQSLPSKCN WA Dbk FE - - SOYYH
{A. speltoides) SLHRVIQGK‘L.GUFLFIW‘RGEVFkQ ?AQSLPSKCNNfdADbKFD-—IGYYW
(A. comosa) sIRGMMQGK.‘LGGFFGIWRGDVFkQIQRAQSLPSKbNM'GADcKLp”mww
(A, umbellulata) sIRGMIQSKLGGFFGlWRGDVFkQIQRhQsLPSK‘CNMGADchp--SAYYW
{A. markgrafii) sIRGMMQGKLGGFFGIWRGDVFkQIQRhQS&.pSKcNMcADCKLp--Isyyw
(A. uniaristata) SIRGMIEGKLGGFFGIWRGDVERQIQRAQRLESKCONMGADCKEP--SAYYH

MORRIS

148,148

Two such

Figure 4—Mulhispecics PINA
and PINB protein  alignment.
Polypeptide primary sequences
from representative diploid wheat
relatives (see Table 2) were aligned
using Clustal W (THoMpsON of el
1994). ldentical residues are
shaded. Points of mutation that
generate hardness differences
>20 units from wild type are
marked by an asterisk. For PINA
these are P63S, G758, L87F, and

C132Y. For PINB these are
DGSN, T671, G75D, E80K, and
C83Y. The signal peptide is

marked in italics. The tryptophan
box loop region is underlined.

PINB missense alleles

in 11.5 kb DNA (Table 1), twice that previously observed
in hexaploid wheat (SLADE «f 2 2005), Crossing each
PIN mutation line with the wild-type parentailowed us to
perform functional analysis using F, segregating lines.
Most missense mutations were categorized into two
groups on the basis of their grain hardness effects: a
group with little impact on functon and a group that
retained little to no PIN function (Figure 3). Apart from
mutations affecting cysteines, all other function-
abolishing mutations were centered on the Trp-rich
domain, indicating that this region is the most impor-
tant for PIN function. Many PINA and PINB missense
mutations naturally present in hard wheats are also
centered on this domain. {reviewed in BHAVE and

2008).
{PINBG75S and PINBW73R) were shown (o negatively
affect the degree to which PINB could penetrate lipid
lavers (CLiFTON et al 2007ab; 2008). This finding
highlighted the key role of the Trprich loop in pur
oindoline-lipid interactions.

The probability that a missense mutation affects grain
hardness was 0.16 for PINA and 0.38 for PINB. Using
in vitro random mutagenesis, the average probability of
nonfunctional missense mutations for a human DNA
repair enzyme and a bacterial DNA polymerase was .34
(Guo ef el 2004; Lon e al 2007), whereas it was (.60
when estimated within the active sites of some human,
bacteria, and viral proteins (Guo ef al. 2004). The ratio
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Fieure 5.—Classification of Fy families by hardness differ-
ence between their homozygote mutant {(2Jx) and wild-type
(I} a) groups,

of mutations destroying protein activity has been shown
to decrease in proportion o the distance from the
enzyme’s active site (Bowie e al. 1990; Yano ef af 2008).
Here, the inactivation probability within the-Trp-rich
loop was 0.50 for PINA and 1.00 for PINB. Further, there
were three identical murations within hoth PINA and
PINB and all three PINB mutations destroyed function
while those in PINA did not. To explain the significantly
higher inactivation value of PINB relative to PINA, we
hypothesize that the PINB grain texture-determining
function is more vuilnerable to missense changes than
that of PINA.

Selective pressure may result in the evolution of
proteins that are more tolerant of change and with
lower inactivation probabilities than homologous pro-
teins {Guo o ol 2004). In studies of Ha locus genes,
Massa and Morris (2006) concluded thac adapiive
forces operated only at the Pina locus, resultng in
strong positive selection at this locus consistent with its
role as a plant defense gene. Consistent with the idea of
PINA being more important in plants, KRISHNAMURTHY
et al. (2001) showed that PINA was more effective than
PINB in controlling fungal diseases in transgenic rice.
The resulws seen with disease control are consistent with
several grain hardness studies. First, null mutations in
PINA are more severe than null mutations in PINB
(Table 52). Second, transgenic manipulation has dem-
onstrated that while both PINA and PINB limit grain
sofiness in soft wheats, PINB is a greater limiting factor
than PINA (Swan et al. 2006). The results of this study
are consistent with these observations and support the
following conclusions: first, that both PINA and PINB
must be functional for grain softness: second, the active
site of each protein is the tryptophan-rich domain;
third, PINB function is more critical to overall Ha locus
function; and finally, this study demonstrates the
feasibility of #n vive functional analysis of proteins in a
crop plant.
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